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The cyclic nucleotide-binding (CNB)-like protein (CNB-L) from Brucella abortus shares sequence ho- 
mology with CNB domain-containing proteins. We determined the crystal structure of CNB-L at 2.0 A 
resolution in the absence of its C-terminal helix and nucleotide. The 3D structure of CNB-L is in a two- 
fold symmetric form. Each protomer shows high structure similarity to that of cGMP-binding domain- 
containing proteins, and likely mimics their nucleotide-free conformation. A key residue, Glu17, mediates 
the dimerization and prevents binding of cNMP to the canonical ligand-pocket. The structurally observed 
dimer of CNB-L is stable in solution, and thus is likely to be biologically relevant. 


© 2015 Elsevier Inc. All rights reserved. 


1. Introduction 


Brucella abortus is a Gram-negative bacterium found in cattle 
populations |1] and is the cause of brucellosis which often leads to 
the premature abortion of cattle fetus. Its potential infection to 
humans is a serious health concern in ranch areas [2]. Therefore, 
significant efforts have been made for the development of new 
therapeutics against B. abortus. Cyclic nucleotide monophosphate 
(cNMP)-binding proteins are one of such potential drug targets due 
to their essential roles in many cellular functions [3,4]. Some cNMP 
analogs have been used to study the functions of cyclic nucleotide 
binding (CNB) proteins and have showed promising application 
prospect [5-7]. 

The CNB-like (CNB-L) protein (GenBank ID: AE017223.1) iden- 
tified from B. abortus is a putative cCNMP-binding protein for its 
conserved CNB domain. In both prokaryotes and eukaryotes, CNB 
domains are the critical components of cellular machineries that 


Abbreviations: cAMP, 3’,5'-cyclic adenosine monophosphate; cGMP, 3’,5’-cyclic 
guanosine monophosphate; cNMP, cyclic nucleotide monophosphate; CNB, cyclic 
nucleotide binding; PBC, phosphate binding cassette; SEC, size-exclusion 
chromatography. 
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regulate multiple inner cellular processes [8]. For examples, these 
protein domains have been found in several protein families, such 
as cAMP receptor proteins (CRP), cAMP- and cGMP-dependent 
protein kinases (e.g. PKA and PKG) [9], and the ether-a-go-go 
(EAG) channel [10]. CNB domains are responsible for the binding 
of 3’, 5’-cyclic adenosine monophosphate (cAMP) and 3’, 5’-cyclic 
guanosine monophosphate (cGMP), two universal secondary 
messengers. Generally, a CNB domain consists of approximately 
120 amino acid residues, forming an eight-stranded antiparallel B- 
barrel which accommodates the cyclic nucleotide molecule and is 
flanked by a variable number of a-helices [11]. A signature motif 
referred to as the phosphate binding cassette (PBC) is situated be- 
tween £6 and §7 strands [12]. Upon ligand binding, the flexible a- 
helix subdomain usually undergoes a dramatic structural trans- 
formation to deliver the allosteric signal [13]. 

In the current work, we report the crystal structure of B. abortus 
CNB-L protein. It is in a homo-dimeric form, resembling the 
nucleotide-free form of PKG CNB domains. However, the nucleotide 
binding site is blocked by a residue in the dimer interface, sug- 
gesting that B. abortus CNB-L dimer does not function as a signaling 
molecule. 
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2. Material and methods 
2.1. Cloning 


The target gene of CNB-L was amplified from B. abortus bv. 1 
strain 9-941 by the polymerase chain reaction (PCR) with forward 
primer 5’-CGGAA TTCAT GGCGC TAG-3’ and reverse primer 5’- 
CCGCT CGAGT CAGTC GCGGT TT-3’. The PCR product was digested 
with EcoRI and Xhol and subsequently cloned into the expression 
vector pGEX-6P-1 (Qiagen, USA). The construct was verified by DNA 
sequencing and then transformed into E. coli strain BL21 (DE3) cell 
for protein expression. 


2.2. Overexpression and purification 


The seleno-methionine (SeMet) protein was overexpressed in 
E. coli BL21 (DE3) strain at 16 °C for 12 h, containing 100-ug/ml 
ampicillin. The cell was induced with 0.5 mM IPTG when OD600 
reached 0.8 and was grown further for 18 h at 16 °C. The cells were 
harvested by centrifugation at 4000 g for 15 min. Then, the cell 
pellets were resuspended in buffer A (20 mM Tris—HCl (pH 8.0), 
400 mM NaCl, and 10% glycerol) and lysed using high pressure 
breaking method (EF-C3, from Avestin) at 15,000 psi. The lysate was 
centrifuged at 22,000 g for 30 min at 4 °C to remove unbroken cells 
and debris, and the supernatant was collected. A slurry of Gluta- 
thione Sepharose 4B (GE Healthcare) pre-equilibrated with buffer A 
was added into the supernatant and agitated by end-over-end 
rotation for 1 h at 4 °C. Then the mixture was transferred to a 
10 ml column and washed extensively with buffer A to remove 
contaminant proteins. To remove the GST tag, the slurry was 
incubated with Prescission protease in buffer A at an enzyme:- 
protein ratio of 1:20 (w/w) for 4 h at 4 °C. The flow-through con- 
taining the target protein was collected and subjected to size- 
exclusion chromatography (SEC) (Superdex 200, GE Healthcare) 
in buffer B (20 mM Tris—HCl (pH 8.0), 100 mM NaCl, and 5% glyc- 
erol). Peak fractions were collected (monitored by 280 nm ab- 
sorption) and concentrated to ~20 mg/ml for crystallization. Purity 
of the protein sample was estimated to be 98% by using SDS-PAGE. 


2.3. Crystallization 


Initial crystallization experiments were carried out using com- 
mercial crystallization screening kits from Hampton Research (US) 
and sitting drop method. Crystals appeared in 4—6 weeks under 
multiple conditions. Hanging-drop vapor-diffusion method was 
further used to optimize crystallization conditions by mixing 1 ul 
protein solution with 1 ul reservoir solution and equilibrating 
against 200-l reservoir solution at 20 °C. The crystals used for data 
collection were grown in 0.2 M potassium sodium tartrate (pH 7.4), 
0.1 M KCl, and 20% (w/v) polyethylene glycol 3350. Crystals grew to 
full size (150 x 150 x 200 jm?) in 30—40 d. 


2.4. Data collection and structure determination 


The crystals were cryo-protected with 20% (v/v) glycerol in 
reservoir solution and flash-cooled in a liquid nitrogen stream at 
100 K. The single-wavelength anomalous diffraction (SAD) data 
were collected at beamline BL17U of Shanghai Synchrotron Radia- 
tion Facility (SSRF) with the ADSC Quantum 315r CCD detector. X- 
ray diffraction data were collected from single crystals over a range 
of 360° with an oscillation angle of 1° at the wavelength of 
0.9762 A. The data were processed and scaled with the program 
package of HKL2000 [14]. The initial phase calculation, density 
modification, and partial model building were carried out with 
Phenix.autosolve [15]. The structure was completed manually with 


COOT [16], and the refinement was carried out with Phenix.refine 
[15]. Statistics of data collection and refinement are summarized in 
Table 1. All the structure figures were prepared with Pymol | 17]. 


2.5. Truncation and site-directed mutagenesis 


A plasmid to express a truncated form of CNB-L (tCNB-L) was 
constructed by removing nucleotides coding for the last 31 amino 
acid residues from the C-terminus of the full-length CNB-L (fICNB- 
L) [18]. Then, based on tCNB-L a site-directed mutation of Glu17 
into tryptophan (tCNB-L/E17W) was constructed. Both tCNB-L and 
tCNB-L/E17W were over-expressed and purified with the same 
method as flCNB-L. The purified protein samples were analyzed 
using SEC. 


2.6. Isothermal titration calorimetry 


ITC experiments were performed at 25 °C using the iTC200 
(MicroCal, Northampton, MA, USA). Protein and cyclic nucleotides 
were prepared in the same buffer, i.e. ITC buffer containing 10 mM 
Tris (pH 8.0) and 100 mM NaCl. The protein was placed in the 
sample cell at a concentration of 0.4 mM in the ITC buffer. Cyclic 
nucleotides were placed in the injection syringe at a concentration 
of 10 mM. The injection volume was 2 ul and the interval between 
injections was 2 min. All data were corrected using the heat 
changes arising from injection of the cyclic nucleotides into the 
buffer. Data were processed using the Origin software with a 
manufacturer-supplied custom-add-on ITC sub-routine. The re- 
ported results were repeated in at least duplicate. 


3. Results 
3.1. Overall structure of CNB-L 


The structure of CNB-L was resolved at 2.0 A resolution in space 


Table 1 
Statistics of data collection and refinement. 


Data Se (peak) 


Data Processing 

Wavelength (A) 0.9762 

Space group 1222 

Cell dimensions a, b and c (A) 56.1, 82.9, 103.9 
Resolution (A) 34.6—2.0 (2.1—2.0)* 


Completeness (%) 98.8 (100) 
Rmerge (%)? 8.5 (38.1) 
I/o(1) 45.1 (3.0) 
Unique reflections 16,773 (1519) 
Redundancy 20 (15) 
Refinement 

Resolution (A) 24.6—2.0 
No. of reflections (test) 16,665 (833) 
Rwork/Reree (%)° 18.5/23.3 
Number of atoms 1798 

Water 171 

Average B factor (A?) 28 

Water 44 
Root-mean-square-deviation 

Bond lengths (A) 0.007 

Bond angles (°) 0.73 
Ramachandran plot (%)" 

Favored region 99.13 
Allowed region 0.87 


a Values in parentheses are for the highest resolution shell. 

b Rmerge = © >> |l; — (D|/|(D|, where I; is the intensity for the i-th measurement 
of an equivalent reflection with indices h, k and l. 

€ R=5 |Fo —Fe|/S>|Fo|, where F, and Fe are the observed and calculated 
structure factors, respectively. 

d Calculated using MolProbity. 
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group of 1222 using merged SAD data collected from one crystal, 
and was refined with the same data set (Table 1). As predicted from 
the sequence homology (Fig. 1), the CNB-L structure contains a 
typical CNB-folding and forms homo-dimers. In the following, we 
will use the PGK IB CNB nomenclature [19] to describe the sec- 
ondary structural elements of CNB-L. Each asymmetric unit of the 
crystal contains two independent CNB-L molecules, termed A and 
B, which form a dual-symmetrical dimer. In each protomer, CNB-L 
contains an eight-stranded antiparallel B-barrel (81—8), which is 
preceded by helices «X:N and gA at the N-terminus and followed by 
aB at the C-terminus. The signature motif PBC of the CNB folding is 
comprised of a short helix aP and a loop, and is located between 
strands ß6 and ß7 (Fig. 2A). At the C-terminal end of each CNB-L 
molecule, approximately 30 amino acid residues were invisible in 
the electron density map. SDS-PAGE analysis of the crystal sample 
confirmed that these residues were missing, probably because of 
degradation. Interestingly, an unusual cis-peptide between Ile73 
and Arg74, which is a signature feature of a cGMP binding pocket in 
CNB domains [19], remains in both protomers of the CNB-L dimer. 
In addition, two short anti-parallel $ strands (s1 and fs2) in 
molecule B are stabilized by four hydrogen bonds (Fig. S1), while in 
molecule A only two hydrogen bonds were observed in the corre- 
sponding region. The Bs2 strand is located near the loop region of 
PBC. 


3.2. CNB-L exists as a stable dimer in solution 


The CNB-L dimer appears to be distinctive from that of other 
known structures of CNB proteins. This difference is probably due 
to the absence of the C-terminal 30 residues in CNB-L, which are 
supposed to form two a-helixes, «C and aS (Fig. 1). Despite the lack 
of aC, the interface between the two CNB-L subunits is extensive, 
with a buried area of ~1900 A’. This interface is mediated by a 
network of hydrogen bonds as well as hydrophobic interactions 
(Fig. 1). In many available structures of CNB domain-containing 
proteins (e.g. bacterial CRP, PDB ID: 3MZH), aC is the core 
element that both mediates the dimerization and contributes to the 
formation of the binding pocket of cAMP [20—22]. In addition, in 
eukaryotes (e.g. Plasmodium falciparum PKG), aC is observed to 
serve as an allosteric switch that triggers kinase activation upon 
cGMP binding [23]. Due to the dimer-interface difference, the CNB- 
L dimer is in a head-to-tail configuration rather than the side-by- 
side one as observed in a typical CNB dimer (Fig. S2). Notably, in 
each CNB-L protomer the canonical cNMP binding pocket is sealed 
up by the side chain of Glu17 from its symmetry mate (Fig. 3). 

To verify the biological relevance of the structurally observed 
dimer interface, a site-directed mutation of Glu17 to tryptophan, 


termed as tCNB-L/E17W, was made based on a C-terminal trun- 
cated form of CNB-L. Here, we refer to the variant of C-terminal 30- 
residue truncation as tCNB-L, while the full-length WT CNB-L is 
referred to as flCNB-L. All the three proteins, flCNB-L, tCNB-L and 
tCNB-L/E17W were purified and subjected to SEC under the same 
condition. The result showed that the flCNB-L ran the fastest closely 
followed by tCNB-L, and the tCNB-L/E17W sample ran the slowest 
(Fig. S3). It indicates that both flCNB-L and tCNB-L form stable 
homo-dimers, while the tCNB-L/E17W sample stays as monomers 
in solution. Furthermore, the purified tCNB-L sample was able to be 
crystallized under the same condition as flCNB-L within 48 h (much 
faster than that required for flCNB-L), and the crystal morphology 
remained the same. This observation supports that it was the 
truncated CNB-L sample that crystallized in our original crystals. 
Taken together, the structurally observed dimer is likely to be stable 
in solution rather than being a crystallization artifact. 


3.3. Testing of cGMP binding to CNB-L 


Despite the high similarity in the protomer structure of CNB-L 
compared with other CNB domain-containing proteins (Fig. 4A), 
neither cAMP nor cGMP showed a reliable binding signal with 
purified flCNB-L, tCNB-L and tCNB/E17W in our ITC experiments. 
However, tCNB-L/E17W showed an assessable binding signal with 
cGMP (Fig. S4), suggesting that CNB-L may bind cGMP weakly in its 
monomeric form (Table S1). In consistence, co-crystallization of 
flCNB-L with either cAMP or cGMP did not show bound nucleotides. 
While the blockage of the ligand binding site by Glu17 explains the 
lack of binding in both flCNB-L and tCNB-L, the absence of aC in the 
dimer interface and the instability as monomer maybe partially 
account for the reduced binding affinity of tCNB-L/E17W compared 
to other CNB domains. 


4. Discussion 


The structure basis of cyclic nuclide binding specificity has been 
illustrated in the CNB domains of proteins, PKG, PKA, and CRP. In 
general, all the CNB domains share a similar overall folding across 
various species, and three main binding sites are responsible for the 
cyclic nucleotide binding: The site-1 is composed of two highly 
conserved residues glutamate and alanine, and functions in the 
same binding mode for both cAMP and cGMP. The site-2 and site-3 
can bind cGMP specifically in the so-called syn conformation [19]. 
In PKG IB CNB-A (PDB ID: 30D0), mutations of the Thr193 in site-2 
into either alanine or valine resulted in a decrease of the binding 
specificity of CGMP and a nearly 30-fold decrease in the Kg value of 
cGMP in terms of kinase activation. In comparison, substitution 


aX:N aA 
. e e ee 
CNB-L 1MALDDDIRILGTVGLFE.......... SF TPEQLRLLAFGAERLVLRAGRELFREQSADCAYIIVTITITLFHMGD..EGR70 
PKG IB CNB-B 222 IKHTEYMEFLKSVPTFQ........-- SLPEEILSKLADVLEETHYENGEYIIRQ@ARGDTFFIISK@TVNVTRIDSPSEDP 293 
PKG IB CNB-A 94 VTLPFYPKSPQSKDLIKEAILDNDFMKNLELSQIQEIVDCMYPVEYGKDSCIIKEDVGSLVYVMEDIQKVEVTKWG...... 169 
aP aB ac as 
. « Fe PBC 


Ig 


DSIVKHLIGGLDDVSNKAYED..... AEAKAKYEAEAAFFAN 369 


. 
CNB-L 71 TIRPVEPEAILEMMEBLIAQTIBILTIIGAVADVETEVIR S IfJRRILEEYPEVAAALHAHISRNLVELIGQIEQVAPRLAN 153 
PKG IB CNB-B 294 WFLRT LEKED WF K IL QO GED VINTAINV IAAEAVTCLVpaD 
PKG IB CNB-A 170 MKLC TMP eK V FOME TL YNC TNT AIT VK TLVNVKLWABPDINOCIQOTIMMRTGLIKHTEY. 1... ee eee ee eee ee ee eee 227 
(J 


AA xk 


Fig. 1. Sequence alignment and secondary structure elements. The initial alignment was generated using the MultAlin server (http://multalin.toulouse.inra.fr/multalin/) [25] and 
subsequently formatted using ESPript [26]. Secondary-structure elements of CNB-L are shown above the alignment. The missing a-helices aC and aS are colored in red. Identical 
residues are highlighted in red. Residues involved in three binding sites for cNMP are represented in blue letters, and are further marked with symbols at the bottom: stars for site-1, 
solid circles for site-2, and triangles for site-3. Key residues mediating the interactions in the dimer interface of CNB-L are marked with red dots. PBC motif is marked with a black 
box. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Overall structure of CNB-L. (A) Ribbon diagram of CNB-L molecule A with its secondary elements labeled. «-Helices are colored in pale-green, -barrels in blue, and the PBC 
motif in deep-olive. (B) Ribbon diagram of the CNB-L dimer with only one molecule labeled. (For interpretation of the references to color in this figure legend, the reader is referred 


to the web version of this article.) 
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Fig. 3. CNB-L dimer interface. Ribbon diagram of the CNB-L dimer, consisting of molecule A (colored according secondary structures: a-helices in pale-green and ß-barrels in blue) 
and molecule B (grey), is shown on the left. A zoomed-in view for the ‘potential’ binding pocket of molecule B which is occupied by Glu17 from molecule A is shown on the right. 
Residues that mediate dimerization are shown as sticks with transparent surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web 


version of this article.) 


with serine only resulted in a four-fold decrease in the Ka value [12]. 
In CNB-L, the position analogous to site-2 is replaced by Leu94 
which is followed by Thr95, and we cannot rule out the possibility 
that Thr95 may replace the role of Thr193 of PKG If CNB-A during 
an allosteric process upon the cGMP binding. Moreover, site-3 is 
composed of Leu172 and Cys173 in PKG IB CNB-A, of Leu296 and 
Arg297 in PKG IB CNB-B (PDB ID: 4KU7), and of Ile73 and Arg74 in 
CNB-L. We speculate that Ile73 in CNB-L can make a hydrophobic 
contact with cGMP similar to Leu296 in PKG IB CNB-B. Importantly, 


the conserved cis-peptide of site-3 in CNB-L enables both side 
chains of the adjacent residues to point toward the binding pocket 
making contacts with the ligand (Fig. 4B). 

During evolution, the CNB domain-containing proteins have 
undergone a great functional divergence by means of residue var- 
iations in conserved motifs, specific insertions and deletions [24]. A 
typical example is the ether-a-go-go (EAG) channel, in which CNB 
homologous domains bind neither cAMP nor cGMP but respond to 
changes in membrane voltage, with a short B-strand at the end of 
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Fig. 4. Superposition of CNB-L with PKG I. (A) Structural comparison of CNB-L (blue) with human PKG If CNB-A (purple) and CNB-B (cyan). Conserved domains are labeled in 
dotted blocks. (B) Comparison between CNB-L (blue & deep-olive) and cGMP-bound PKG IB CNB—B (cyan) with respect to the cGMP binding pocket. The individual cGMP interacting 
residues in PKG IB CNB-B with its equivalence in CNB-L are labeled. Conserved PBC motif and the three binding sites are highlighted in dotted cycles. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 


aC acting as an ‘intrinsic ligand’ [10]. Although the sequence 
alignment and structural comparison suggest that CNB-L may 
maintain the ability to bind cGMP, our ITC results showed practi- 
cally no binding signal of fICNB-L towards either cGMP or cAMP. It is 
possible that in CNB-L, the short helix aS (which is missing in the 
crystal structure) may also serve as an ‘intrinsic ligand’, like the 
short B-strand in EAG channel, preventing CNB domain from 
binding cNMP. In the light that all known CNB domains play reg- 
ulatory roles in some complex proteins, we speculate that the 
B. abortus CNB-L is a subunit of a protein complex, and its function 
remains to be elucidated. 


Protein databank accession code 


Coordinates of the crystal structure of CNB-L have been depos- 
ited into the Protein Data Bank under the accession code 5D1I. 
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